Abstract Health Canada has identified the need for a standardized department-wide approach for the risk assessment of carcinogens in foods (e.g., pesticides, food chemical contaminants, veterinary therapeutics). A standardized approach would better facilitate and inform risk management strategies for the control of human exposure to food sources of carcinogens. Within the postmarket regulatory context, directly DNA-reactive carcinogens are of most concern because any exposure is theoretically assumed to be associated with a risk of producing a carcinogenic effect in proportion to the dose. Such non-threshold carcinogens, as well as carcinogens in which a non-linear dose response has not been demonstrated, require different approaches for risk characterization. In order to contribute to Health Canada's department-wide discussions regarding the development of risk management strategies for carcinogens, a general overview was conducted on international approaches for post-market risk assessments of carcinogenic contaminants in food. In this review, areas in the risk assessment paradigm which are identified for development of further standardized guidance include the weight-of-evidence determination for whether a compound should be considered a non-threshold carcinogen, the technical criteria for choosing the appropriate dose-response assessment approach, and a consistent approach for interpreting and prioritizing risk.
Introduction
Health Canada projects have been initiated to establish standardized approaches for risk management of carcinogens. Healthy Environments and Consumer Safety Branch (HECS) through the Chemicals Management Plan (CMP) has been tasked with an initiative to establish an approach for the risk assessment and risk management of carcinogens under the Canadian Environmental Protection Act (CEPA). Since many substances being assessed under CEPA have uses that fall under statutes other than CEPA, including the Food and Drugs Act and the Pest Control Products Act, CMP is seeking wider consultation.
To assist them in developing their own policy regarding carcinogens, the Veterinary Drugs Directorate (VDD) of Health Canada led an earlier project to investigate how the risk assessment and risk management of carcinogens were conducted in HECS, the Pest Management Regulatory Agency (PMRA) and the Food Directorate (FD). A draft guidance document, entitled "Risk Analysis Framework" (2005) , was produced to assist VDD evaluators in conducting cancer risk assessments in the pre-market context using a decision tree approach.
The pre-market context in which veterinary drugs are evaluated is similar to that of food additive evaluations by the Bureau of Chemical Safety (BCS) of the Food Directorate, in that risk management measures are not required for compounds that are both genotoxic and carcinogenic because such compounds are eliminated from consideration during the pre-market assessment. However, BCS is also responsible for the risk management of food contaminants (e.g. natural toxicants and food processing contaminants) that are evaluated in a post-market context. Consequently, approaches for the risk assessment of compounds that are both genotoxic and carcinogenic which were not considered in the VDD decision document need to be further elaborated to include the post-market risk management options.
Directly DNA-reactive carcinogens are considered to be of most concern because it is assumed that these substances do not demonstrate a dose below which they are not carcinogenic. More specifically, any exposure is theoretically assumed to be associated with some risk of producing a carcinogenic effect in proportion to the dose. Compounds that induce cancer by non-threshold modes of action or in which the threshold has not been clearly demonstrated require the use of different approaches in risk characterization.
Technological advances have made it possible to detect extremely low levels of contaminants in food. Consequently, risk perception and tolerance must also evolve because zero risk is not a realistic target for the post-market management of genotoxic carcinogens. Current risk assessment and management practices for genotoxic carcinogens are protectively conservative; however, these practices do not effectively incorporate the concept of prioritizing higher risk scenarios for management action. The need to prioritize contaminants for risk management action is an emerging issue required to ensure the most effective use of resources as the detection of contaminants in foods continue to improve.
This document is intended to assist Health Canada in establishing a department-wide approach to the risk assessment of genotoxic carcinogens in foods and develop risk management options by providing a discussion of internationally recognized approaches for the post-market risk assessment of food contaminants that are both genotoxic and carcinogenic.
An Overview of the Risk Assessment Approach
The evaluation strategy for the risk assessment process of adverse health effects resulting from human exposure to toxic substances in food is based on an internationally recognized risk assessment paradigm (NRC, 1983; WHO and FAO, 2009 ). Health Canada, including the Food Directorate, has used a comparable model for the risk assessment and risk management of mycotoxins in food (Health Canada Decision-Making Framework, 2000; Kuiper-Goodman, 2004 ).
Differences in the application of this risk assessment paradigm can be due to differences in one or more of the following: product type, context of risk (e.g. voluntary/involuntary exposure, extent of exposure, preexisting risk), risk tolerance, benefit assessment, support for international consistency within program areas, and availability of pre-market versus post-market information.
Recently, the U.S. National Research Council (NRC) has emphasized the design of risk assessments as a significant component of the risk assessment paradigm. The design of a risk assessment is defined as the process of planning a risk assessment and ensuring that its level and complexity are consistent with the needs to inform decision-making. In the early stages of a risk assessment planning and scoping and problem formulation are considered imperative. Planning and scoping involves discussion among decision-makers, assessors and stakeholders to establish issues to be assessed and the goals, breadth, depth and focus of an assessment. Problem formulation involves the development of a conceptual model and analysis plan for the assessment, and proceeds in parallel with planning and scoping (NRC, 2009; Abt et al., 2010) . As noted by the U.S. Environmental Protection Agency (EPA), the incorporation of risk assessment design in the formative stages of an assessment may occur inconsistently and a formalization of this process is recommended to ensure the utility of risk assessments for decision-makers (Abt et al., 2010) . Although, risk assessments conducted by Health Canada inherently include a similar process of contextualizing the safety and management issues, the formative design of risk assessments is not currently a formalized process.
For chemical agents, the risk assessment can be divided into:
Hazard identification -the determination of potential adverse health effects as a result of exposure to a substance. This determination is based upon a review of the toxicity data, which includes the results of toxicity testing in experimental animals, and any knowledge of effects on human health and mechanism/mode of carcinogenesis.
Hazard characterization -the determination of the doseresponse relationship and relevance to humans, incorporating factors such as interspecies variation in susceptibility and the relevance of mode/mechanism of action to humans.
Exposure assessment -the determination of the amount of human exposure to a substance. This determination uses data collected on the contaminant levels in food as well as specific food intake (consumption) information to calculate probable human exposure.
Risk characterization -the estimation of risk to human health that is posed by exposure to a hazardous chemical. This procedure can be used to draw conclusions, regarding for example, what level of exposure to the hazardous chemical is associated with an increase in carcinogenic risk even if very small. In addition the risk characterization is used to inform risk managers what level of the risk may be acceptable or tolerable. To arrive at these estimates, consideration is given to the toxicity profile of the chemical in question, mechanisms of action, relevance to humans, dose-response and potential human exposure.
Hazard Identification:
In this context, the purpose of hazard identification is to evaluate the body of evidence from experimental and epidemiological studies and to identify whether or not the compound has: (a) carcinogenic potential and (b) genotoxic potential. Because carcinogenesis is a multistep process that can be affected by chemicals in a variety of ways, for simplicity it is assumed that the carcinogenic processes can be categorised into two major modes of action. The first is a direct DNA-reactive mode of action whereby the compound or its active metabolite(s) reacts covalently with DNA in target cells to form chemicalspecific addition products (adducts) which lead to procarcinogenic mutations, followed by neoplastic transformation and neoplasm induction. In addition, consideration should be given to whether or not a clastogenic compound induces chromosomal aberrations through a mutation event.
The second mode of action is epigenetic in nature, in which the compound produces effects in target cells that either indirectly lead to neoplastic transformation or facilitate the development of neoplasms from cytogenetically transformed cells. The decision on whether or not the compound mediates genotoxic effects via direct DNA reactivity is considered the most important criterion in determining the nature of the dose response curve, i.e., linear versus non-linear. to hazard characterization (O'Brien et al., 2006).
Is the compound a carcinogen ? -A weight of evidence approach
Determining whether a compound has carcinogenic potential is often based on neoplasia/tumour findings in a standard two-year carcinogenicity bioassay in rodents. Generally, well-designed two-year bioassays for carcinogenicity include adequate test doses in a sufficient number of animals and histopathological analysis of the appropriate organs in two rodent species. Key references to assess the adequacy of the study protocol are the OECD's monographs entitled "Guidance notes for analysis and evaluation of chronic toxicity and carcinogenicity studies" and "Draft guidance document No. 116 on the design and conduct of chronic toxicity and carcinogenicity studies, supporting TG 451, 452 and 453 (OECD, 2002; OECD 2009, GD No. 116 ). The latter reference highlights the broadened range and complexity of scientific data used to evaluate chemical toxicity and carcinogenicity potential for humans and in light of scientific progress the recently revised OECD test guidelines for carcinogenicity studies (TG 451), chronic toxicity studies (TG 452) and combined chronic toxicity/carcinogenicity studies (TG 453).
The determination of whether a compound has carcinogenic potential can be a complex issue. For example, the selection of the highest dose level to be used in a chronic toxicity or carcinogenicity study has long been a critical and sometimes controversial issue. The maximum tolerated dose (MTD), defined as the highest dose to produce toxic effects without causing death and to decrease body weight gain by no more than 10% relative to controls (OECD, 2002) is often used in the assessment of a chronic toxicity or a carcinogenicity study to decide whether the top dose tested was adequate to give confidence in a negative result. The high dose would be considered inadequate if neither toxicity or decreases in weight gain are observed. Failure to use an adequately high dose reduces the sensitivity of the studies (EPA, 2005a). In contrast, there are a number of concerns with the MTD, producing spurious effects that are not relevant to exposures expected to occur in humans ( An additional example of the complexity of the determination of whether a compound has carcinogenic potential for humans is the number of criteria considered when assessing the significance of the pathological results. These criteria include, evidence of carcinogenic effect in two different species, in both or just one sex, genotoxicity, common versus uncommon neoplasia, progression from adenomas to carcinomas, latency in tumour induction, multiplicity in site-specific neoplasia, occurrence of metastases, concurrent control and historical control incidence and statistical significance of tumour response. Issues may arise from the use of highly inbred rodent strains, with a high background incidence of strain-specific tumours (e.g. liver tumours in C3H mice) or tumours arising from mechanisms not present in humans (e.g. α2u-globulin mediated kidney tumours in male rats). Assessment of the strength of the experimental evidence from two-year bioassays takes all of these criteria under careful consideration.
Although the decision of whether a compound has carcinogenic potential is often based on the standard twoyear carcinogenicity bioassay in rodents, other data can provide the basis for, or contribute to, the overall weight of evidence. For example, the compound may have been tested in alternative mouse models (e.g. p53+/-, Xpa -/-, rasH2 or TgAC) or there may be evidence that the compound induces pre-neoplastic lesions, such as altered hepatic foci where the relationship between the lesion and eventual tumour formation is understood. In addition, epidemiological data may be available for chemicals with a history of exposure via industrial or other uses. When epidemiological data are available they are weighed preferentially to animal data in the weightof-evidence for determining carcinogenic risk for humans; however, good quality epidemiological data are rarely available.
In order to standardize the evaluation of the weight-ofevidence used to determine whether a compound has carcinogenic potential for humans, Once all available data are collated and considered as a whole, a weight-of-evidence decision can be made on whether a compound has carcinogenic potential for humans. Food contaminant evaluations conducted by BCS frequently cite, when available, the IARC classification of a compound as part of the overall hazard identification. It is recommended that a department-wide standard to categorize the available weight-of-evidence to determine whether a compound has carcinogenic potential for humans, is adopted or established similar to that used by IARC, to increase transparency and consistency for weight -of-evidence based decisions.
Is the carcinogen genotoxic? -Directly DNA-reactive vs. epigenetic
The approach adopted in the risk assessment to identify a compound as directly DNA-reactive or epigenetic can be a complex issue. The overall weight-of-evidence is based on information from various studies, none of which is sufficient by itself.
According to generally accepted guidelines 1 characterization or types of genetic damage detected, the sensitivity of the assays to different subsets of chemicals, the ability of the assay to detect a broad range of genetic events and provide maximum information. Use of the standard test battery generates a body of data on which to base decisions about either the need for further testing and/or the degree of concern about the potential mutagenicity of the test agent (Dearfield et al., 1991) Some limitations to these tests have been identified which may result in a failure to identify some genotoxic substances. The failure of the standard test battery in detecting genotoxic activity of some carcinogens is attributable to several causes, in particular: the limited spectrum of metabolic activity of the liver S9-mix used in in vitro studies, and the differences in biotransformation of chemicals in cells of different type and cells from different animal species; in vivo, the pharmacokinetic behaviour of the test compound and its possible species-, sex-and tissue-specificity can affect whether the target cells are adequately exposed for a sufficient period of time (Brambilla and Martelli 2004) .
It is also important to emphasize that data from genotoxicity studies may show that a compound is genotoxic but not directly DNA-reactive. Other assay systems can provide information on how a compound interacts with DNA. These studies measure direct interaction with DNA (e.g. DNA binding studies and DNA adduct formation) and indirect measures of DNA damage (e.g. the alkaline elution, single cell gel electrophoresis (comet) and DNA repair assays, in the absence of general cytotoxicity) (Brusick, 2001 ; O'Brien et al., 2006). Examining whether the compound is structurally related to other known directly DNA-reactive genotoxic carcinogens may also provide insight when determining whether a compound is a direct DNAreactive genotoxicant.
In addition to genotoxicity data which is useful for the identification of these compounds, information on the metabolic fate and mode of action of a compound is considered pivotal information when attempting to decipher whether a compound is directly DNA-reactive or epigenetic. Once all available data are collated and considered as a whole, a weight-of-evidence decision can be made on whether a compound is directly DNA-reactive or epigenetic. In cases where the weight-of-evidence for genotoxicity is inconclusive and a substance has been shown to be carcinogenic but its carcinogenic mode of action has not been identified, or the mode of action has been identified but there is insufficient supporting evidence, the default assumption is that the mode of action leading to cancer has a linear dose response.
In the BCS health risk assessment of ochratoxin A (OTA), a natural toxin produced by fungi, OTA is recommended to be regulated as a non-threshold carcinogen despite ongoing international debate about the genotoxic status of OTA and the undetermined mode of action (KuiperGoodman et al., 2010).
It is recommended that departmental-wide standards are developed to increase consistency in the weight of evidence required to differentiate between directly DNAreactive or epigenetic compounds and to define the weight of evidence required to determine and substantiate whether a mode of action is directly DNAreactive or epigenetic.
Does the mode of action have a threshold? -True vs. Apparent
The threshold determination for genotoxic carcinogenic compounds generally presumes that there is no threshold dose below which there is no induction of cancer initiation because the mode of action may involve a single direct reaction, specifically, a single hit in a single target (Kirsch-Volders et al., 2000). Thus there would always be some risk, even at very low doses, unless it can be clearly established that the mode of action involves an indirect mechanism that may have a threshold.
In contrast to the presumed dose-response of DNAreactive carcinogens for which no threshold can be defined, different types of thresholds for genotoxic carcinogens are defined in the literature ( (Hengstler et al., 2003; Seiler, 1977) are based on the concept that various factors (Table 3) can restrict the potential carcinogenicity of DNA-reactive carcinogens (Williams, 2008) . When sufficient information is available to distinguish between these different types of thresholds (True Threshold, Apparent Threshold or No Threshold) for carcinogens, this determination can contribute to the characterization of the hazard to humans and help to decide the approach employed in the dose-response assessment. Currently, BCS does not use these terms in every risk assessment of genotoxic and carcinogenic compounds. The development of departmental-wide standards for the use of consistent definitions and terminology is recommended.
Hazard Characterization (Dose-Response Assessment)
Hazard characterization can be described as a process that involves the qualitative and/or quantitative evaluation of the nature of the adverse effects that humans may experience under expected levels of exposure to an agent (Health Canada, 2000) . A range of different approaches may be needed depending on the data available and the hazard or risk characterization issue.
Considerations when Deriving Health-based Guidance Values
The goal of hazard characterization for compounds for which a threshold or an apparent threshold (supported by studies on mechanism and/or toxicokinetics) is substantiated is the estimation of a 'safe dose', such as a tolerable daily intake (TDI), equivalent to the acceptable daily intake (ADI) and the chronic oral reference dose (RfD). The TDI is the dose that can be safely consumed daily over a lifetime without incurring appreciable adverse health effects, and which by implication therefore involves a biologically insignificant risk (WHO 1987 (WHO , 1999 As an initial step, responses associated with carcinogenesis, as identified under hazard identification, are examined using biological criteria for relevance to humans. This is followed by an examination of the relationship between dose and observed responses in carcinogenic assays, and an extrapolation of dose from the animal species to humans. In the carcinogenic assays, the no-observed-adverse-effect-level (NOAEL) of the most sensitive but relevant adversely affected endpoint, called the critical effect, in the most sensitive species is selected. If adverse effects are observed in animals receiving the lowest dose, the lowest-observed-adverseeffect-level (LOAEL) is selected.
To derive a TDI, it has been common practice to divide the NOAEL/LOAEL by safety/uncertainty factors. The 'safety /uncertainty factor' takes the following into consideration: inter-species differences, inter-individual differences, quality/adequacy of the database, selection of LOAEL versus NOAEL, severity of toxicity and sensitivity/concern for specific populations. The IPCS has published a "Guidance document for the use of data in development of chemical-specific adjustment factors (CSAFs) for interspecies differences and human variability in dose/concentration response assessments" as efforts have been made to replace the inter-species and inter-individual (intraspecies) factors with chemical specific factors where toxicokinetics and toxicodynamic differences between species and individuals are addressed (WHO, 2005) . This approach can be used when sufficient data are available to support the use of chemical-specific adjustment factors.
The NOAEL represents only one point on the observational portion of the dose response curve. Since the number of dose groups in a study, the spacing of dose groups and group size all influence the empirical derivation of the NOAEL, it has been argued that it may be more appropriate to derive mathematically the 'true' point of departure in the dose-response relationship (Edler et al., 2002) . One such estimate is the derivation of the benchmark dose (BMD) and its lower confidence interval (BMDL).
In 2008, BCS used BMD modelling to identify a predetermined point of departure response for melamine, a chemical contaminant identified in infant formula, milk and milk ingredients. Melamine was determined to have a threshold mode of action. The point of departure was used to derive a toxicological reference value (TRV) used in the risk characterization of the theoretical melamine contamination and in setting interim maximum limits (MLs) which did not constitute a health risk for consumers 2 . Canada, through work with the Codex Committee on Contaminants in Food (CCCF), helped develop standards for melamine in food and infant formula.
The decision to use BMD modelling is dependent on the data available and the specific hazard or risk characterization issue. BMD modelling is further discussed in the subsequent section "Considerations when employing mathematical modelling".
With the increasing quality and subsequent application of mode of action data to the risk assessment approach, support for a bioindicator-based risk assessment (BIBRA) approach has been discussed in scientific literature (Williams, 1999; . This approach has not been applied in a food contaminant risk assessment.
The BIBRA focuses on selecting a critical bioindication of cellular (toxic) effect that is the basis for experimental carcinogenicity. For threshold carcinogens, it has been proposed that using the NOAEL for an essential cellular effect in the pathogenesis of epigenetic neoplasia provides an additional margin of safety (Williams, 2008) . The selection of a reference point such as sustained hyperplasia of a type known to lead to neoplasia could be used to derive what may be regarded as 'toxicologically insignificant daily intake (TIDI)'. A further extension of the BIBRA would be to identify the gene transcriptional events related to the bioindicator of effect and use what has been referred to as a 'no observed transcriptional effect level (NOTEL) (Lobenhofer et al., 2004) as the NOAEL. However, this approach may be overly conservative as changes in transcriptional activity may not always be translated into differences in protein levels or protein activity. Conventional uncertainty/safety factors would be applied to the selected NOAEL to derive the TIDI. Consideration could also be given to reducing the default uncertainty/safety factors using the CSAFs approach noted previously.
Williams (2008) also suggests that the BIBRA approach could be applied to DNA-reactive carcinogens. If a NOAEL for chemical-specific DNA adducts is identified using appropriately sensitive experimental methods, this NOAEL could be used as the bioindicator to calculate a TIDI by applying appropriate uncertainty/safety factors. For DNA-reactive carcinogens, adduct levels have been demonstrated to be highly predictive of tumour initiation but occur at doses below those that elicit carcinogenicity and even in cases where carcinogenicity is not found (Sander et al., 2005) . Williams (2008) suggests that a TIDI based on adduct data of less than 1 in 10 9 nucleotides could be considered protective of potential carcinogenicity.
It is noted that the BIBRA approach requires additional work before it could be applied in a food contaminant risk assessment, as internationally validated test guidelines to measure levels of transcriptional changes or DNA adducts have not been established.
Considerations when Employing Mathematical Modelling
For directly DNA-reactive carcinogens or carcinogens in which the mode of action can not be identified or substantiated, the default position has been that there is a linear dose response for effects, such as initiation of the carcinogenic process. A TDI, which is based on a threshold such as the NOAEL, is not considered appropriate. Non-threshold carcinogens are not permitted for deliberate addition to food but when such compounds are detected in food and their presence cannot be completely prevented, a variety of approaches can be used to determine exposure levels that may be so low as to not be of concern.
Appropriate mathematical models, most of which presume a linear dose-response relationship at low doses, have been used to extrapolate from the observable part of the dose-response curve to low doses. These models do not take into account relevant data on mechanisms of tumour induction or differences in susceptibility/dynamics between the animal species and humans, or differences in susceptibility between individuals. However, there is international agreement that if there are sufficient data of good quality on a substance, then dose-response modelling should be carried out and that the selection of an appropriate reference or point of departure should be driven by the extent and quality of the available data (Barlow et al. There was a consensus at the EWI conference that the benchmark dose (BMD) approach offers the best tool for deriving a reference point/point of departure within the observable dose range. The BMD approach can be applied when there are as few as two dose groups showing tumours and one control group, but it has been noted that a larger number of dose groups, at least 3 dose groups showing tumours plus a control, would be preferable (Edler et al., 2002) . The BMD approach makes full use of all the data points on the dose response curve; a mathematical model is fitted to the experimental data within the observable dose range and the dose that causes a low but measurable response is chosen as the BMD. BMDs can be modelled for each tumour type and for overall tumour incidence. The BMD lower limit (BMDL) refers to the one-sided lower 95% confidence limit of the BMD. If the data are sufficient to enable a BMDL to be determined with confidence, then this is the most appropriate reference point/point of departure because the BMDL better reflects the greater uncertainties of lesser amounts of data, since the 95% confidence interval on the BMD is wider when there are fewer data. A BMDL10 was considered preferable to a BMDL5 because the BMDL10 is more likely to be within the observed dose range and as such does not require extrapolation. Data from any one substance has shown that the various BMDL10 values obtained from different dose-response models are in closer agreement than BMDL5 values. Although there is no general agreement, it has also been suggested that when there is a factor of more than 100 between the BMD and the BMDL values, this reflects considerable uncertainty and the BMDL should not be used as a reference point/point of departure (Barlow et el., 2006) .
Carcinogenic potency estimates, such as the T25, can also be used as reference points/points of departure. Carcinogenic potency estimates give an indication of the dose of a substance administered over a standard animal lifespan that results in a fixed incidence of tumours, such as, 5, 25 or 50%, for the TD05, T25 and TD50 respectively, after correction for the spontaneous background incidence of tumours among controls. In common with the BMD approach, carcinogenic potency estimates also make use of all the available dose-response data. If the data are insufficient to derive a BMDL10, the EWI conference agreed that use of the T25 was an alternative option. The minimum data requirements to calculate a T25 are one incidence level significantly greater than the controls. The T25 method can be used to compare and rank substances for their carcinogenic potency, to calculate MOEs (discussed under risk characterization), or to estimate risks at lower doses by linear extrapolation (Table 4) . It was noted that the T25 method has been used in risk assessment for regulation of non-food genotoxic and carcinogenic chemicals in the EU. The T25 can be calculated without computing the dose response curve whereas the TD50 method requires specific software. Also noted was that linear extrapolation from the TD50 can seriously over or underestimate the true risk and that it is more often used only for comparing carcinogenic potencies.
• for comparing the potency of different compounds
• to extrapolate the incidence down to the level of human exposure
• to estimate an intake that would give a very low risk
• to compare directly with the level of human exposure by calculation of the margin of exposure For low dose linear extrapolations, a more complex mathematical model may be fitted to the data points to estimate the risk at lower doses. However, simple linear extrapolations can be carried out from either a selected incidence within the experimental range or from a derived incidence, such as one of the points of departure described above (BMDL10 or T25) obtained by fitting a mathematical model to the observed data. When using these approaches, low risk is often defined, for example, as the level of exposure to a substance associated with an upper bound, lifetime risk of cancer of 1 in a million persons (1 x 10 -6 ) (i.e. for pesticides and some food contaminants) or one in a hundred thousand persons (1 x 10 -5 ) (i.e. mycotoxins). It is noted that the acceptance of a risk level is a risk management decision.
The EWI conference noted that different mathematical models, which provide equally good fits to the experimental animal data, can result in very different estimates of risk at low doses. The conference also noted that the mathematical models tend to be highly conservative and therefore linear extrapolation should be considered as giving an upper bound estimate rather than the most likely estimate of risk.
The BCS has used a range of different approaches in the dose-response assessment of genotoxic carcinogens because as previously stated, the approach used depends on the data available and the hazard or risk characterization issue. In 2005, BCS conducted a risk assessment for malachite green (MG), an antifungal agent not permitted for use in food-producing animals based on scientific evidence indicating that a metabolite, leucomalachite green (LMG), may be a non-threshold, genotoxic carcinogen. Due to industrial applications of MG in pulp and paper and textile manufacturing residues of MG were being detected at varying levels in both imported and domestic commercial fish. The induction of hepatocellular adenomas and carcinomas in female mice treated with LMG were considered to be the pivotal effect. BMD modelling of the liver tumour data was used to derive a BMDL10 as the point of departure on the dose
The BMD approachIs usually based on calculation of the BMDL10 -the 95% lower confidence interval on a benchmark dose (BMD) for a 10% increase in tumour incidence.
Values for BMDL10 are determined by fitting doseresponse data to various mathematical models. (Dybing et al., 2008) The T25 approachThe T25 value is the chronic daily dose, which will give tumours in 25% of the animals above background at a specific tissue site. The T25 is determined by linear extrapolation from the lowest dose giving a statistically significant increase in tumours (the critical dose) (Dybing et al., 2008) response curve. In 2006, a BCS risk assessment for benzene was initiated due to trace levels forming in beverages under certain conditions when ascorbic acid combines with either sodium or potassium benzoate. Because there is insufficient evidence to substantiate a threshold mode of action, benzene is regulated as a nonthreshold genotoxic carcinogen. BMD modelling was not applied in the hazard characterization because the tumour incidence observed in animal studies was not consistent with the cancer endpoint in humans (i.e. acute non-lymphocytic leukaemia) and there was a lack of a dose response in the animal data. Consequently, the US-EPA linear extrapolation method using a human cancer endpoint to derive an oral slope factor for benzene (i.e. cancer risk per unit dose) was used to calculate the oral exposure associated with a lifetime cancer risk level of 1 in a million 3 . In the 2009 BCS risk assessment for the mycotoxin, OTA, the TD05 was used as the point of departure on the dose-response curve (Kuiper-Goodman et al., 2010). The TD05 was divided by a factor of 5000 to derive a value considered equivalent to a response level of 1x10 -5 in animals. This approach provides a similar estimate of safe intake to that derived using low dose linearized models (Kuiper-Goodman, 2004).
In agreement with the EWI conference, the choice of which approach to follow should be case-by-case, based on consideration of the extent and quality of the available data. It is recommended that department-wide guidance be developed that outlines the technical criteria for choosing between the various approaches, including the advantages and disadvantages of the various approaches and the minimum data sets required for each approach.
Exposure Assessment
Intake scenarios for genotoxic carcinogens in food include naturally occurring substances, environmental contaminants, substances used illegally as food additives or veterinary drugs or substances formed during cooking or processing, since substances authorised for deliberate addition to foods, such as food additives, exclude genotoxic carcinogens. 
Measuring the Compound in Food
The low levels at which genotoxic carcinogens are usually present in foods may present special challenges to the analytical technology used. It is important that validated standard methods be employed where possible. Detailed 
Collecting Food Consumption Data
Food consumption data can be obtained following three broad approaches: analysis of food supply data, household data and individual food consumption surveys. Country or region specific food consumption data are preferable but surrogate data can be used when such specific data are not available. For example, when Canada specific data are not available the data from the US Continuing Survey of Food Intake by Individuals (CSFII) would be considered relevant to Canadian consumption figures in many instances.
Food supply data measure the availability or disappearance of foods on a national or regional basis each year, which can be expressed as an estimate of mean per capita consumption. Although such data are crude, they may be the only form of data available for some countries and can facilitate comparison of dietary exposures for different countries and regions. The WHO GEMS/Food programme 1 prepared a series of regional diets for conducting risk assessments based on food supply data. Household surveys may be regarded as an extension of national food supply surveys applied at household level. While much useful detail can be obtained from such data, food losses due to waste, spoilage, cooking and preparation are generally ignored, the amount of food consumed by individuals is not identified and foods consumed outside the home are not measured. Although the most accurate food consumption data are acquired in studies of individual food consumption, uncertainties still exist. Food frequency data allow only qualitative estimates of exposure and are of limited utility for the accurate estimate of chemical intakes. Food recall data depend on the memory of the respondent to relay the types and quantities of food consumed. Longer-term food recalls allow for the frequency of consumption to be estimated, which is, along with portion size, essential information in the determination of the average daily intake of a given food. Food diaries such as seven day weighted intakes provide quantitative data on foods consumed but are labour intensive (O'Brien et al., 2006) .. Whichever method is used to derive food consumption data, the risk characterization for genotoxic carcinogens typically involves the combination of lifetime animal potency data with data that are representative of the pattern of chronic exposure and exposure among subpopulations of toxicological interest. In cases when the exposure scenario is short-term, acute or intermittent the use of adjustment factors and/or averaging exposure over a lifetime have been proposed by various regulatory organizations including the EPA and Health Canada. According to the EPA supplemental guidance for assessing susceptibility from early-life exposure to carcinogens, people exposed to carcinogens with a mutagenic mode of action during early life are assumed to have increased susceptibility. The EPA guidance recommends the application of age-dependent adjustment factors in the absence of chemical-specific data (EPA, 2005b). Health Canada has recently conducted a literature review to evaluate whether averaging shortterm exposure over a lifetime would be adequate to estimate cancer risk using cancer slope factors derived from chronic animal studies (Li-Muller et al., 2011 draft). As an interim position, it was considered that the application of age-dependent adjustment factors, as proposed by the EPA (EPA, 2005a,b) , to the cancer slope factor with exposure averaged over a lifetime to provide generally conservative estimates of lifetime cancer risks. As noted in the draft position paper, evidence from animal experiments, epidemiologic studies and theoretical modelling studies support that the averaging less-than-lifetime exposure over a lifetime (LADD) may underestimate or overestimate cancer risks, depending on the timing of exposure and the mode of action of the carcinogen. The degree of underestimation is reported to be within an order of magnitude (Li-Muller et al., 2011 draft). In a review of the derived cancer risk from shortterm, high-dose exposure to a genotoxic carcinogen relative to the same cumulative dose distributed over a lifetime (virtually safe dose), although data was limited, dose rate correction factors (factors by which a specified dose of a carcinogen at long term, low dose rates should be multiplied to derive the expected tumour incidence from short term, high dose rates) ranged from unity to 8.3 (Bos et al., 2004) . Bos et al., (2004) concluded that the most pragmatic approach to calculate acceptable shortterm exposures to known genotoxic carcinogens is to linearly extrapolate the short-term exposure from the acceptable lifetime exposure or virtually safe dose. Health Canada continues to review work conducted in this area and has not developed a formalized policy for less-thanlifetime exposure scenarios at this time.
Risk Characterization
Risk characterization is the (a) qualitative and/or (b) quantitative estimation, including attendant uncertainties, of the probability of occurrence and severity of known or potential adverse health effects in a given population based on hazard identification, hazard characterization (dose-response assessment) and exposure assessment.
Qualitative Approaches
An approach that advises risk managers that the intake of genotoxic carcinogens should be 'As Low As Reasonably Achievable' (ALARA) requires only the weight-ofevidence identification of the compound as a genotoxic carcinogen. Although the ALARA principle is an easy concept to understand, it is generally agreed that it poses some major difficulties for the risk manager as it does not discriminate between very potent and very weak carcinogens and does not take human exposure into account. Improved analytical techniques with lower detection limits, extended testing and increased surveillance have allowed the identification of substances in food at very low levels. As such, ALARA does not provide an estimate of risk and does not give risk managers sufficient information to assess the degree of urgency and extent of risk reduction measures that may be required. Furthermore, ALARA does not allow risk managers to conduct comparisons between different compounds in order to aid in the establishment of priorities for risk management action.
In cases where the exposure to a food contaminant is unavoidable, for example a substance is present at background levels in the environment, the Food Directorate takes the position that levels of contaminants should be minimized as much as possible according to the ALARA approach. However, the ALARA approach is not used for risk characterization but rather as a principle to guide risk management options. BCS typically employs quantitative approaches discussed in the next section.
Quantitative Approaches
For compounds with data that substantiate a threshold, risk characterization involves a comparison of levels of daily exposure over a lifetime to the TDI, the intake for which the risk is considered to be insignificant. If longterm or short-term exposure exceeds the TDI, recommendations for risk reduction may be made, with priorities determined by the extent to which the TDI is exceeded (Kuiper-Goodman, 2004).
For non-threshold compounds or compounds without sufficient acceptable evidence to support a threshold mode of action, the numerical estimate of risk associated with human exposure can be derived by extrapolation of the animal dose-response data or by the use of the TD50, T25 or BMDL10 as the point of departure for a low-dose risk estimation by simple linear extrapolation (discussed under Hazard Characterization). A major problem with the generation of theoretical numerical risk estimates is that they may be misinterpreted as a realistic indication of actual risk rather than an upper bound estimate.
The threshold of toxicological concern (TTC) approach is advocated in scientific literature for risk assessment of contaminants in food in cases where the biological data are few but the chemical structure is known and there are good exposure data (e.g. chemicals migrating from food packaging materials for which data indicate it is directly DNA-reactive but for which there are no data from a cancer bioassay or the carcinogenicity data fail to define a dose-response relationship) (Kroes et al., 2002; O'Brien et al., 2006) . In this approach, if the substance is directly DNA-reactive or has a structural alert for DNA-reactivity and does not belong to a group of identified structures that are likely to be the most potent directly DNAreactive carcinogens, exposures below 0.15 μg/person/day (or 0.0022 μg/kg bw/day assuming an average body weight of 70 kg) are considered to be of negligible risk. This figure is based on the daily intake of a compound estimated to pose a lifetime risk for the development of cancer of less than one in a million, using the highly conservative approach of linear extrapolation from the TD50 values derived from the dose-response data from rodent cancer bioassays on all available structurally related compounds studied in rodent cancer bioassays.
Although the TTC approach is not currently used to regulate directly DNA-reactive substances, the European Food Safety Authority's Panel dealing with food contact materials applies a tiered approach to safety testing requirements that has some similarities with the philosophy of the TTC approach. For example, in the case of substances for which based on migration data the content in food is assumed not to exceed 50 ppb (equivalent to 150 μg/person/day) 3 in vitro genotoxicity tests are required. If these assays are negative, it is assumed that there will not be adverse effects at the highest dietary exposures that may be encountered (EC, 2008) .
In a post-market context, BCS has not used the TTC approach. However a TTC-like approach, modelled after the US FDA "Threshold of Regulation" policy is used for pre-market food packaging assessments. An estimated value of 0.5 ppb (equivalent to 1.5 μg/person/day) in food was derived and implemented by the US FDA in 1995 as the "Threshold of Regulation" for food contact materials (US FDA, 1995) based on a distribution plot of the chronic dose rates from the analysis of 343 carcinogens from the carcinogenic potency database derived by Gold et al (1984) and extrapolated to a distribution of 1x 10 -6 risk. In Canada, food packaging material constituents (i.e. indirect food contact materials) that have dietary exposures falling below 0.025 μg/kg bw/day (equivalent to 1.5 μg/person/day) do not require the submission of toxicological data to establish safety. In pre-market cases where evidence suggests that a component or impurity of a packaging material is a non-threshold carcinogen, risk assessments are conducted to evaluate whether the lifetime cancer risk is significantly below one in a million (e.g. Lifetime cancer risk <10 6 for azo-type dyes in polystyrene packaging) or letters of no objection are not issued. In the post-market context, the TTC approach is suggested to be useful when biological data are limited but the chemical structure is known and there are sufficient exposure data as a supplement to prioritisation of risk management actions (for example in association with ALARA) (O'Brien et al., 2006).
Another approach identified in scientific literature for risk characterisation of non-threshold compounds which lack carcinogenicity studies is based on the correlation between in vivo genotoxic potency with carcinogenic potency (Sanner and Dybing, 2005) . This approach has not been used by BCS. This approach is based on information from the IARC Monographs on the evaluation of carcinogenic risks to humans (http://monographs.iarc.fr) which include descriptions of genotoxicity experiments together with the lowest effective dose (LED) giving such responses. Twenty-eight orally administered carcinogens evaluated by IARC were identified to have reported LED values from in vivo genotoxicity studies (Sanner and Dybing, 2005) . When these 28 LED values were plotted versus their respective T25 values in a logarithmic plot, the linear regression showed a good correlation between the two sets of values (r 2 = 0.71). In such cases, it is suggested that the LED divided by a specified assessment factor may represent a virtually safe level or a tolerable risk level for a possible carcinogenic effect (Dybing et al., 2008) . In a critique of this approach by the U.K. Committee on Mutagenicity of Chemicals in Food, Consumer Products and the Environment (COM), it was noted that there is no proposed assessment factor published in the paper by Sanner and Dybing for mutagens and the selection of the chemicals used for the comparison of LED and T25 isn't fully explained (COM, 2006) . Continued work in this area is required in order for this approach to be a useful risk characterization tool.
The application of the margin of exposure (MOE) approach has gained international support, to address the disadvantages of the ALARA principle (discussed in the previous section) and the numerical estimation of risk to humans. The MOE is the ratio between a dose leading to a specified tumours incidence in experimental animals and human exposure. The MOE is considered the most scientifically credible approach to the formulation of advice to risk managers because it takes into account intake/exposure and the available data on the doseresponse relationship without extrapolation or the generation of possibly uncertain risk estimates. The EWI conference considered that a BMDL is the most appropriate reference point for calculating a MOE. The T25 could also be used but it was noted that the resulting value would require a different interpretation from a MOE derived from a BMDL10 as it is based on a different level of response and is usually derived from fewer data points.
Because the MOE is a ratio, it is a dimensionless number and there was a consensus at the EWI conference that the MOE should be accompanied by a narrative to aid interpretation. For instance, the narrative should include a discussion of inherent uncertainties when the MOE is based on animal data (e.g. species differences and human variability). In addition, after taking into account uncertainties related to the precision of the dose-response relationship and the quality of the human exposure data, which in some cases may be quite poor, risk managers should be informed of the magnitude of a MOE that could be considered to represent a low priority for risk management actions.
There were differing views among the conference participants about how to interpret the magnitude of a MOE. It was recognised that in general terms the higher the MOE, the lower the degree of concern. It was also noted that MOEs based on data from lifetime animal studies are potentially more conservative if actual human exposures are short in duration or sporadic, rather than lifetime. A number of participants at the EWI conference had reservations about the rationale for the proposal made by the EFSA Scientific Committee in its opinion (EFSA, 2005) that in general a MOE of 10 000 or higher, if based on a BMDL10 from an animal study, would be of low concern from a public health point of view and might reasonably be considered as a low priority for risk management actions. JECFA has previously, at its 64 th meeting (JECFA, 2005) considered MOEs of 10 000 or higher for unintended contaminants (polycyclic aromatic hydrocarbons and ethyl carbamate from food, excluding alcoholic beverages) to be of low concern for human health. The justification for attributing low concern to MOEs at or above 10 000 is not fully supported scientifically. The EWI conference questioned whether the EFSA opinion was more a practical suggestion of where the division between lesser concern and greater concern might lie.
The EWI conference emphasized that the figure of 10 000 should not be viewed as a threshold for triggering concern or risk management action. For example, a high MOE should not preclude consideration of risk management action, including the application of ALARA (discussed above). The MOE approach is intended to provide consistent methodology for assessing the risk posed by genotoxic carcinogens and prioritizing compounds for risk management action.
BCS has derived MOEs for the risk characterization of food contaminants that are considered non-threshold carcinogens. Interpretation of the risk characterized by the MOE is on a case-by-case basis dependent on the consideration given to uncertainties within the database and exposure estimations. As expressed at the EWI conference, further guidance for the interpretation of the magnitude of the MOE in relation to the degree of concern from a public health point of view would be beneficial.
Within Health Canada a prioritization scheme for the risk management of non-threshold carcinogens in a postmarket context has been established under CEPA and is available on the internet at : http://www.hc-sc.gc.ca/ewhsemt/pubs/contaminants/approach/index-eng.php. In this approach the carcinogenic and mutagenic potency of compounds are compared to the estimated daily intake by the general population (referred to as the Exposure/Potency Index or EPI). Potency is expressed as the concentration or dose which induces a 5% increase in the incidence of, or deaths due to, tumours or heritable mutations considered to be associated with exposure. The TD05 is not based on the confidence limit but, rather, is computed directly from the curve. This was considered to be appropriate in view of the stability of the data in the experimental range and to avoid unnecessarily conservative assumptions. The value of 5% is arbitrary. The priority for further action (i.e. analysis of options to reduce exposure) is considered to be high for EPIs of approximately 2.0 x 10 -4 or greater; for EPIs within the range of greater than or equal to approximately 2.0x10 -6 to less than approximately 2.0x10 -4 , it is considered to be moderate and for EPIs less than approximately 2.0x10 -6 it is considered to be low. Obviating the establishment of a single deminimis risk level enables the assessment of nonthreshold toxicants to be based to the extent possible on scientific considerations. Similar to the issues raised regarding a lack of scientific basis for an MOE of 10 000 to indicate low concern, the scientific justification is not readily available for the levels used in the CEPA prioritization scheme. However, the CEPA approach provides a more structured and consistent tool for prioritization.
The MOE or EPI of a food contaminant should not be the basis for approving the deliberate addition or use of genotoxic carcinogens in food, for condoning infringements of regulations or for relaxing standards.
Risk Management
Recommendations for risk reduction are made when exposure poses a possible health risk, as identified and characterized in the risk assessment. Risk management priorities for risk reduction actions depend on the extent and frequency that the TDI or upper bound estimate is exceeded or on the magnitude of the MOE (Health Canada, 1994). There are a variety of risk management options that help to ensure a safe food supply. These range from preventative (setting regulatory limits, developing codes of practice for producers or manufacturers, issuing consumer advisories) to restorative (product recall or reformulation). Risk management goals are established once the situation has been identified in an appropriate context. Consideration should be given to the needs, issues, and concerns of interested and affected parties, the nature of the decisions that have to be made, and any assumptions and constraints governing the decision (Health Canada, 2000).
The Food Directorate continues to maintain the position that levels of food contaminants should be minimized as much as possible and uses this principle to guide risk management options. For example, when benzene levels were reported in beverages, industry took action to reformulate the products and freeze the shipment of contaminated product to retail outlets. The Food Directorate developed more sensitive benzene detection methods and conducted a follow-up survey to ensure these products would be of negligible concern to human health. Furthermore, the Food Directorate and the Canadian Food Inspection Agency (CFIA) continue to work with the beverage industry to ensure that the formation of benzene during manufacturing is minimized.
Regardless of the situation, the primary goal of any risk management strategy is to ensure an appropriate level of health protection (Health Canada, 2000).
Discussion & Conclusion
This document presented a general overview of international approaches for the post-market risk assessment of genotoxic carcinogenic contaminants in food, consistent with EFSA, WHO and ILSI Europe, with a focus on the four components of a risk assessment: hazard identification, hazard characterization (doseresponse assessment), exposure assessment, and risk characterization. This report was written to contribute to Health Canada's department-wide discussions on the standardization of the decision-making process for the risk management of genotoxic carcinogens and to provide the scientific background for a departmental report on Food Directorate policy.
Because technological advances have made it possible to detect extremely low levels of contaminants in food, risk perception and tolerance must also evolve because zero risk is not a realistic target for the post-market management of genotoxic carcinogens. Current risk assessment and management practices for genotoxic carcinogens are protectively conservative but don't effectively incorporate the concept of prioritizing higher risk scenarios for management action.
As discussed , considerable international work has been conducted in this field. Although there is at present no consensus with regard to the scientific justification for determining whether a risk is low, medium or high, work in this area is ongoing.
There are several areas in the risk assessment paradigm where the development of department-wide guidance would be beneficial to current Food Directorate practices. These areas include refining how weight-of-evidence is used to determine whether a compound should be considered a non-threshold carcinogen, elaborating on the technical criteria for choosing the appropriate doseresponse assessment approach, and establishing a consistent approach for interpreting and prioritizing risk.
